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 PV emulator (PVE) is a power supply that produces similar 
current-voltage (I-V) characteristic as the PV module. It simplifies the 
testing of the PV system during the development phase. Since the 
output voltage and current of the PVE change based on various factors 
(load, irradiance and temperature), the computation of the operating 
point for the PVE is crucial. The resistance feedback control strategy 
is a robust and fast approach to find the operating point for the PVE. 
Nonetheless, it uses an uncommon current-resistance PV model, which 
cannot be computed using the conventional approach. This work 
introduces the reverse triangular number to compute the PV model and 
obtained the operating point of the PVE. The reverse triangular number 
is based on the variable step sizes that allow fast computation of the 
PV model. The operating point is then used by the PI controller and 
the buck converter to produce the output voltage and current similar to 
the PV module. The results show that the reverse triangular number is 
able to compute the PV model accurately. In addition, the proposed 
PVE not only works well with resistive load but adapts accurately 
under the integration with maximum power point tracking converter.
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1. INTRODUCTION  
The deployment of solar energy has increased significantly the past few years. According to the 
Renewable 2017 Global Status Report, there had been a 75% increase in solar photovoltaic (PV) global 
capacity in 2016 when compared to the previous year [1]. Much research has been done to improve the 
performance of the PV generation system. In this research, the PV modules are radiated with controlled 
artificial light to emulate the sunlight. Nonetheless, the approach is not efficient, which it requires a lot of 
power and large space. The alternative is to use PV emulator (PVE). The PVE is a power supply that generates 
current-voltage (I V) characteristic similar to the PV panel. The PVE is efficient, small in size and the ambient 
condition (irradiance and temperature) is easily adjusted. There are various PVE available in the market. Still, 
commercial PVE is very costly.  
Various techniques have been introduced by previous researchers to bring down the cost of PVE. 
There are three main components of the PVE, which include the PV model, power converter and control 
strategy [2]. The PV model is commonly implemented using the direct calculation method [3] or the look up 
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table (LUT) method [4]. The direct calculation method computes the PV model during the PVE operation, 
which requires low memory usage and allows various PV panel emulation (high adaptability). While the LUT 
method computes the PV model offline and uses the output data during the operation of the PVE. This method 
has a low computational burden, but requires a lot of memory to store the output data and it is difficult to 
emulate various PV panel models (low adaptability). The commonly used power converter for the PVE is the 
buck converter controlled using the proportional integral (PI) controller [5]. The linear regulator is also used 
in the PVE application [6]. This power converter has a fast response and contains no voltage ripple. However, 
the efficiency is very low and the controller is complex. 
The function of the control strategy is to connect the PV model to the power converter while 
calculating the operating point of the PVE based on the load and the ambient conditions. The direct referencing 
method is the commonly used control strategy for the PVE [5]. It is easily implemented since there is no 
additional algorithm needed to compute the operating point. The control strategy is computed using the power 
converter inside the PVE. As the result, the design of the power converter and its controller affect the accuracy 
and consistency of the operating point [7]. The hybrid mode control strategy combines two types of direct 
referencing method in order to minimize the problem faced by the direct referencing method [7]. However, 
this approach results in a complex design of the PVE. The resistance comparison method is one of the control 
strategies that used a mathematical computation instead of relying on the power converter to compute the 
operating point [8]. This approach helps to improve the accuracy and consistency of the operating point. 
Nonetheless, the mathematical computation burdens the hardware platform used by the controller of the PVE. 
The resistance feedback control strategy has the same advantages as the resistance comparison method 
with a much lower computation burden [9]. However, the resistance feedback control strategy requires a 
modified PV model called the current-resistance (I R) PV model, which is difficult to compute. The 
conventional I V PV model is computed quickly using the Newton Raphson method. However, the I R PV 
model fails to compute using the Newton Raphson method [9]. The LUT method can be used for the I R PV 
model instead of the direct calculation method to avoid this computation problem [10]. Nonetheless, there are 
many limitations when using the LUT method. The binary search method able to compute this PV model at a 
higher number of iterations, which results in a higher computation time [9]. Maintaining a low computation 
time is a priority for the PVE since it operates in real time and computation delays may result in inaccurate 
emulation. Therefore, a computational method needs to balance the computational time and the accuracy of 
the I R PV model for the PVE. 
This article proposes a new computation approach called the reverse triangular number computation 
for the I R PV model. This PV model is implemented in the PVE’s controller, which is based on the resistance 
feedback control strategy. The PVE consist of a buck converter controlled using the PI controller. The PV 
model is based on the single diode model. The performance of the PVE is determined using the resistive load 
as well as the maximum power point tracking (MPPT) boost converter with perturb and observe (P&O) 
algorithm. The controller for both PVE and the MPPT converter are implemented in dSPACE ds1104. 
 
 
2. DESIGN OF PHOTOVOLTAIC EMULATOR  
The output voltage and current for the PVE (Vo_pve and Io_pve, respectively) are measured by the sensors 
and the output resistance for the PVE, Ro_pve, is digitally calculated by the controller, as shown in Figure 1. The 
I-R PV model used the Ro_pve to produce the reference current for the PVE, Iref_pve. The Iref_pve is compared with 
the Io_pve and the difference is fed into the PI controller. The PI controller produces the corresponding duty 
cycle for the PVE, Dpve. The PWM generates the switching pulse in the form of gate-source voltage for the 
PVE, Vgs_pve based on the Dpve. The PVE achieves steady state when the Io_pve equal to the Iref_pve. 
 
2.1. Current-Resistance Photovoltaic Model 
The PV characteristic equation of the I-R PV model is shown in (1) [9]. The photocurrent, Iph, and the 
saturation current, Is, are calculated using (2) and (3), respectively. The parameters needed by the PV model 
are shown in Table 1 [11]. 
 
𝐼௣௩ ൌ 𝐼௣௛ െ 𝐼௦ൣ𝑒𝑥𝑝൫𝐼௣௩൫𝑅௣௩ െ 𝑅௦൯ 𝐴௙𝑉ൗ ൯൧ െ 𝐼௣௩൫𝑅௣௩ െ 𝑅௦൯ 𝑅௣ൗ    (1) 
 
𝐼௣௛ ൌ 𝐺 𝐺௦௧௖ ൈ ሾ𝐼௦௖ ൅ 𝛼ሺ𝑇 െ 𝑇௦௧௖ሻሿ⁄       (2) 
 
𝐼௦ ൌ ሾ𝐼௦௖ ൅ 𝛼ሺ𝑇 െ 𝑇௦௧௖ሻሿ ൣ𝑒𝑥𝑝൫𝑉௢௖ ൅ 𝛽ሺ𝑇 െ 𝑇௦௧௖ሻ 𝐴௙𝑉⁄ ൯ െ 1൧⁄    (3) 
 
where Ipv is the PV current (A), (A), Rpv is the PV resistance, Rs is the series resistance, Af is the 
ideality factor, VT is the thermal voltage (𝑉 ൌ 𝑘𝑇 𝑞⁄ ሻ, k is the Boltzmann constant (1.38 × 10−23 J/K), T is the 
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temperature of p-n junction (K), q is the electron charge (1.6 × 10−19 C), Rp is the parallel resistance, G is the 
irradiance (W/m2), STC is the standard test condition (1000 W/m2 25˚C), Isc is the short circuit current (A), α 
is the temperature coefficient of Isc, Tstc is the temperature at STC (25˚C), Voc is the open circuit voltage (V), 
and β is the temperature coefficient of Voc. 
 
 
  
Figure 1. Block diagram of the PVE using the nonideal buck converter based on the resistance feedback 
control strategy 
 
 
Table 1. The parameters of the ameresco 80J-B PV module at STC [11] 
Parameter Value
Open circuit voltage, Voc 44.4 V
Short circuit current, Isc 2.32 A
Maximum power point voltage, Vmp 35.8 V
Maximum power point current, Imp 2.23 A
Temperature coefficient of Voc, β -0.360%/˚C
Temperature coefficient of Isc, α 0.105%/˚C
Ideality factor, Af 1.65
Series resistance, Rs 1 Ω
Parallel resistance, Rp 3500 Ω
Number of series cell, Ns 72
 
 
The computation of the I-R PV model is based on the reverse triangular number, which the 
implementation is shown in Figure 2. The computation starts by calculating the theoretical parameters shown 
in (2) and (3). Next, the per unit current, ix, is calculated using (4). Initially, the location, x, is set to the 
maximum number of iterations, N. The N needs to be a natural number (1,2,3,4,…). While the number of 
iterations, n, and the fixed status, F, are set to zero. The Ipv is calculated using (5). This Ipv is substituted into 
(6) to calculate the error of the iteration (eite), which is derived from (1). If the eite is larger than 0 and the F is 
0, the x is updated based on the variable step sizes (based on the reverse triangular number) shown in (7). While 
if the eite is larger than 0 and the F is 1, the algorithm is ended. For other condition, the algorithm reduces the 
x using a fixed step size of 1 constant. 
 
𝑖௫ ൌ 2𝐼௣௛ ሺ𝑁ଶ ൅ 𝑁ሻ⁄         (4) 
 
𝐼௣௩ ൌ 𝑥𝑖௫         (5) 
 
𝑒௜௧௘ ൌ 𝐼௣௛ െ 𝐼௦ൣ𝑒𝑥𝑝൫𝐼௣௩൫𝑅௣௩ െ 𝑅௦൯ 𝐴௙𝑉ൗ ൯൧ െ 𝐼௣௩൫𝑅௣௩ െ 𝑅௦൯ 𝑅௣ൗ െ 𝐼௣௩   (6) 
 
𝑥 ൌ 𝑥 ൅ ሺ𝑁 െ 𝑛 ൅ 1ሻ or 𝑥௡ ൌ 𝑁𝑛 െ 𝑛ሺ𝑛 െ 1ሻ 2⁄      (7)  
where xn is the x during the nth iteration. 
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Figure 1. Computation of the I-R PV model based on the reverse triangular number 
 
 
The advantage of using the reverse triangular number to compute the I R PV model is the ability to 
determine the sensitivity of the computation, ρ, based on the N, which the ρ is calculated using (8). The lower 
the ρ, the higher the accuracy of the I R PV model. To determine the N based on the ρ, the N is calculated using 
(9), which is derived from (8). In this research, the N chosen is 30 iterations, which the ρ is 0.00215. 
 
𝜌 ൌ 2 ሺ𝑁ଶ ൅ 𝑁ሻ⁄          (8) 
 
𝑁 ൌ 4 𝜌൫1 ൅ ඥ1 ൅ 8 𝜌⁄ ൯⁄         (9) 
 
2.2. Buck Converter 
The circuit diagram for the buck converter is shown in Figure 1. The buck converter is designed to 
operate in the continuous current mode and produce output voltage ripple lower than 1% [12]. The parameters 
of the buck converter are listed in Table 2. The PI controller, Gpi, is shown in (10). The tuning of the Gpi requires 
the transfer function of the buck converter, Gbuck, which is shown in (11) [13]. The Gpi is tuned using the single 
input single output (SISO) tool in MATLAB/Simulink. 
 
 
Table 1. The parameters of the buck converter and the PI controller 
Parameter Value
Input voltage for PVE, Vi_pve 60 V
Duty cycle for PVE, Dpve 0.05 to 0.80
Switching frequency for PVE, fs_pve 20 kHz
Inductance for PVE, Lpve 1.75 mH
Internal resistance for Lpve, rL_pve 0.68 Ω
Capacitance for PVE, Cpve 36 µF
Internal resistance for Cpve, rC_pve 0.26 Ω
Output resistance for PVE, Rpve 5 Ω to 90 Ω
Proportional gain for PVE, Kp_pve 0.0062
Integral gain for PVE, Ki_pve 85.26
 
 
𝐺௣௜ሺ𝑠ሻ ൌ 𝐾௣ ൅ 𝐾௜ 𝑠⁄         (10) 
 
𝐺௕௨௖௞ሺ𝑠ሻ ൌ ప̂೚ௗ෠ ൌ
௏೔_೛ೡ೐
ோ೚_೛ೡ೐
ଵ ௅೛ೡ೐஼೛ೡ೐⁄
௦మା൫ଵ ோ೚_೛ೡ೐஼೛ೡ೐⁄ ൯௦ାଵ ௅೛ೡ೐஼೛ೡ೐⁄      (11) 
 
2.3.  Maximum Power Point Tracking Converter 
The MPPT boost converter shown in Figure 3 is a nonlinear variable load for the PVE and it is used 
to determine the capability of the proposed PVE to operate properly. This is important since the load for the 
PVE in the real application is commonly the MPPT converter. The MPPT converter is designed to operate in 
the continuous current mode with the input and output voltage ripple equal to 1% [14]. The parameters of the 
components in the MPPT converter is listed in Table 3. The measured Vo_pve and Io_pve is used by the P&O 
algorithm to determine the appropriate reference voltage for the MPT converter, Vref_mppt. The conventional 
P&O algorithm with a fixed step size is used for the MPPT converter [15]. The Vref_mppt is compared with the 
Vo_pve and the difference is used by the PI controller to determine the duty cycle for the MPPT, Dmppt. The 
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switching pulse is produced in the form of gate-source voltage for the MPPT converter, Vgs_mppt, which change 
the operation of the MPPT converter. This process is repeated until the PVE operates at the maximum power 
point (MPP). 
 
 
  
Figure 3. The block diagram of the nonideal MPPT boost converter based on the P&O algorithm 
 
 
Table 2. The parameters of the MPPT converter. 
Parameter Value
Input capacitance for MPPT Converter, Ci_mppt 9.9µF
Internal resistance for Ci_mppt, rCi_mppt 10.7 Ω
Output capacitance for MPPT Converter, Co_mppt 47 µF
Internal resistance for Co_mppt, rCo_mppt 0.33 Ω
Inductance for MPPT Converter, Lmppt 4.46 mH
Internal resistance for Lmppt, rLmppt 0.83 Ω
Output resistance for MPPT converter, Ro_mppt 135 Ω
Duty cycle for MPPT converter, Dmppt 0.1 to 0.7
Switching frequency for MPPT converter, fs_mppt 20 kHz
Proportional gain for MPPT converter, Kp_mppt 0.0023
Integral gain for MPPT converter, Ki_mppt 6.08
 
 
2.4. Experimental setup 
The experimental setup and its graphical user interface (GUI) are shown in Figure 4. The voltage and 
current sensors used for the PVE is the LEM LV25 and LY05, respectively. The sensors are designed to 
measure maximum Vo_pve and Io_pve of 60 V and 4 A, respectively. The analogue to digital converter (ADC) 
included in dSPACE ds1104 is able to measure from -10 V to +10 V. The measured voltages need to be 
calibrated using the linear regression to obtain the Vo_pve and Io_pve reading. The PWM for the PVE and the 
MPPT converter are provided by dSPACE ds1104. The gate drivers are used to amplify the PWM outputs 
produce by dSPACE ds1104 from 5 V to 15 V. This is to ensure the Vgs_pve and Vgs_mppt able to switch the 
MOSFET appropriately. The sample time for dSPACE ds1104 requires 58 µs to compute  
the proposed controller. 
 
 
 (a) (b) 
 
Figure 2. The overview of a) the experimental verification setup and b) the GUI to control PVE 
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3. RESULTS AND ANALYSIS  
Three results are shown to determine the performance of the proposed PVE. These results include the 
PV model test, resistive load test and the MPPT converter test. The PV model test is conducted to ensure the 
reverse triangular number algorithm able to compute the I-R PV model accurately. The resistive load test 
showed the ability of the proposed PVE to generate the I-V characteristic curve. The MPPT converter test 
determines the capability of the reverse triangular number algorithm to determine the operating point of the 
PVE when the Ro_pve is inconsistent. 
 
3.1. PV Model Test  
The percentage error (current) of the PV model, epvm, is calculated using (12). The PV current based 
on the algebraic constraint, Ipv_ac, is used as the benchmark in calculating the error of the PV current based on 
the reverse triangular number algorithm, Ipv_tn. The algebraic constraint is a tool provided by 
MATLAB/Simulink to solve equation accurately. Nonetheless, this tool cannot be used for real-time 
application. Therefore, it is not implemented in the experimental setup. 
 
𝑒௣௩௠ ൌ ൫𝐼௣௩_௧௡ െ 𝐼௣௩_௔௖൯ 𝐼௣௩_௔௖ൗ ൈ 100%      (12) 
 
The epvm is simulated for the Ro_pve ranging from 5 Ω to 90 Ω and the G is 400 W/m2 and 1000 W/m2 
at 25˚C. The low epvm shows a highly accurate PV model. The result shown in Figure 5 has the maximum epvm 
of 1.24% and the average epvm of 0.27%, which is an acceptable epvm [9]. The epvm is much lower for lower Ro_pve 
and G.  
 
 
  
Figure 5. The epvm at 25˚C 
 
 
3.2. Resistive Load Test 
The experimental Vo_pve and Io_pve are compared with the PV voltage (Vpv) and Ipv from the PV model 
in the various condition. This comparison determines the capability of the proposed PVE to generate the I-V 
characteristic curve. Since the PV model shown in (1) is the I-R PV model, the term Vpv is absent in the model. 
The Vpv is calculated using (13). 
 
𝑉௣௩ ൌ 𝐼௣௩ െ 𝑅௣௩         (13) 
 
The Ro_pve is changed from 10 Ω to 90 Ω. While the G is 400 W/m2 and 1000 W/m2 at 25˚C. Based 
on Figure 6, the Vo_pve and Io_pve able to follow the I-V characteristic curves of the PV model. This shows that 
the proposed PVE able to work properly with the resistive load. This is different from the direct referencing 
method, which unable to follow the I-V characteristic curve when the load and is high [9]. 
The open and short circuit tests are not conducted on the proposed PVE due to the limitation of the 
buck converter to regulate its output during these tests. Various points in the constant current region during 
1000 W/m2 are not tested due to the limitation of the PI controller. When the Io_pve is high and the Ro_pve is low, 
the Vo_pve and Io_pve become oscillates. The oscillation is reduced by lowering the response of the PI controller. 
But, this reduces the performance of the PVE. 
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Figure 6. The experimental Vo_pve and Io_pve mapped on the I-V characteristic curve of the PV model 
 
 
3.3. Maximum Power Point Tracking Test 
Experimental validation is conducted in order to determine the capability of the proposed PVE when 
connected to the MPPT converter. The T is kept constant at 25˚C throughout the experiment. The G is started 
with 400 W/m2 and step-changed to 1000 W/m2 after 6.25 s. This is done to assess the capability of the 
proposed PVE to operate when the G is stepped up. After 12.50 s, the G is step-changed to 400 W/m2 again for 
6.25 s. This is done to assess the capability of the proposed PVE to operate when the G decreases. The 
experimental result of the Vo_pve and Io_pve when connected to the MPPT converter is shown in Figure 7.  
 
 
  
Figure 7. The experimental Vo_pve and Io_pve with the MPPT converter as the load 
 
The Vo_pve and Io_pve of the proposed PVE are compared with the PV model to determine the accuracy 
of the emulation with the MPPT converter. The maximum power point voltage and current (Vmp and Imp) of 
the PV model at 400 W/m2 are 33.21 V 0.84 A, respectively. While the Vmp and Imp of the PV model at 
1000 W/m2 34.82 V 2.11 A. Based on the result shown in Figure 7, the Vo_pve and Io_pve able to follow Vmp and 
Imp at 400 W/m2 and 1000 W/m2. For the G at 400 W/m2, the average Io_pve is 0.84 A, which is similar to the 
Imp obtained from the PV model. While for the G at 1000 W/m2, the average Io_pve is 2.16 A, which is only 
0.05 A higher compared to the Imp obtained from the PV model. Based on the Vmp obtained from the PV model, 
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the difference is only 1.61 V, which is difficult to detect. Nonetheless, the average Vo_pve obtained from the 
experiment is 34.54 V, which is within the range of the Vmp at 400 W/m2 and 1000 W/m2. 
The capability of the proposed PVE to operate at the MPP is crucial. To determine whether the PVE 
operates at the MPP, the experimental Vo_pve and Io_pve data obtained from the oscilloscope is mapped on the 
P-V characteristic curve of the PV model, as shown in Figure 8. The power at MPP, Pmp, obtained from the PV 
model for 400 W/m2 and 1000 W/m2 is 27.9 W and 73.4 W, respectively. While the average output power for 
the PVE, Po_pve, obtained from the experiment at 400 W/m2 and 1000 W/m2 is 29.74 W and 75.15 W. This 
shows the proposed PVE is able to operate near to MPP when connected to the MPPT converter. The deviation 
between the experimental data and the reference from the PV model during 1000 W/m2 is much larger 
compared to 400 W/m2. This is due to the fixed voltage step size used in the P&O algorithm for the MPPT 
converter. When the irradiance is low, the change in the Vref_mppt results in a small change in Io_pve. Nonetheless, 
when the irradiance is high, the similar change in the Vref_mppt results in a large change in Io_pve, which is 
observed in Figure 7. The large change in the Io_pve produces a large change in the Po_pve at 1000 W/m2, as 
shown in Figure 8. The similar effect is observed on the PVE using the direct referencing method connected to 
the MPPT converter with a constant step size P&O algorithm [5, 9]. 
 
 
  
Figure 8. The experimental Vo_pve and Io_pve mapped on the P-V characteristic curve of the PV model 
 
 
4. CONCLUSION  
The PVE using the resistance feedback control strategy has been elaborated in this article. This control 
strategy uses the I-R PV model, which cannot be computed using the common Newton-Raphson method.  
The reverse triangular number algorithm is proposed in order to compute the I-R PV model, which is then 
implemented into the proposed PVE. The result shows the proposed PV model is highly accurate and only has 
an average of 0.27% error. The proposed PVE able to generate the I-V characteristic curves precisely under 
various conditions. More importantly, it is also compatible with the PVE and able to achieve the MPP 
accurately. 
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